The tuberal nucleus (TN) is a surprisingly understudied brain region. We found that somatostatin (SST) neurons in the TN, which is known to exhibit pathological or cytological changes in human neurodegenerative diseases, play a crucial role in regulating feeding in mice. GABAergic tuberal SST ( TN SST) neurons were activated by hunger and by the hunger hormone, ghrelin. Activation of TN SST neurons promoted feeding, whereas inhibition reduced it via projections to the paraventricular nucleus and bed nucleus of the stria terminalis. Ablation of TN SST neurons reduced body weight gain and food intake. These findings reveal a previously unknown mechanism of feeding regulation that operates through orexigenic TN SST neurons, providing a new perspective for understanding appetite changes.
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T he nucleus tuberalis lateralis (NTL; lateral tuberal nucleus) in the hypothalamus is revealed by the "lateral eminences on the ventral surface of the tuber cinereum" in humans and primates (1) , but the homologous structure in other animals is less well defined, and knowledge about the NTL is scarce (2) . Pathological or cytological changes in the NTL have been observed in several neurodegenerative and neurological diseases (2) (3) (4) (5) (6) (7) (8) . Deep hypothalamic lesions that probably went into the NTL in human patients have led to hypophagia, and NTL pathology has been correlated with cachexia (4, (9) (10) (11) , suggesting that the NTL plays a role in the regulation of feeding, but this notion has never been tested. The human NTL neighbors the tuberomammillary nucleus (TMN) and is marked by dense staining with somatostatin (SST) antibody (12) . We therefore searched for SST-positive neurons in the mouse tuberal nucleus (TN) and studied their potential role in feeding regulation.
We bred SST-Cre mice with Ai14 reporter mice (13) , and SST neurons thus were labeled with the red fluorescent protein tdTomato. In the mouse hypothalamus, SST neurons appeared in a scattered distribution in the medial-dorsal hypothalamus and in enriched clusters in the ventral hypothalamus. Specifically, SST neurons were prevalent in the arcuate area (we refer to these as The arcuate cluster extended slightly anteriorly, and the TN cluster extended slightly posteriorly (Fig. 1A) . The arcuate nucleus plays a critical role in feeding regulation and contains well-studied orexigenic agouti-related peptide (AgRP) neurons, tyrosine hydroxylase (TH)-positive neurons, and anorexic proopiomelanocortin (POMC) neurons (14) (15) (16) . Immunohistochemistry showed that the Arc SST neurons were distinct from POMC-and TH-positive neurons but exhibited minor overlap (9.04 ± 2.16% of Arc SST neurons; n = 3 mice) with AgRP neurons (Fig. 1B) (17) . The TN SST neurons were distinct and spatially segregated from lateral hypothalamic orexin-and melanin-concentrating hormone (MCH)-positive neurons (Fig. 1C) , both of which have been implicated in feeding and metabolic regulation (18, 19) . The TN SST did not show obvious overlap with histaminergic neurons [revealed by staining for histidine decarboxylase (HDC)], the key neuronal subtype in the nearby TMN region (20) (Fig. 1C and fig. S1 ). Therefore, as in humans, the TN in mouse is marked by a dense cluster of SST-positive neurons, which constitute a hypothalamic neuronal subtype that is distinct from the neurons currently known to support feeding and metabolic regulation. Either overnight fasting or intraperitoneal (i.p.) injection of the hunger hormone, ghrelin-the levels of which are increased by the hunger state (21)-induced robust expression of the immediate early gene c-Fos in TN SST neurons (Fig. 1, D S4, I and J), indicating that both populations were involved in feeding regulation.
We next injected Cre recombinase-inducible adeno-associated viruses (AAVs) expressing chemogenetic or optogenetic effectors into the TN of SST-Cre mice ( S6D ). We further examined the necessity of TN SST neurons in homeostatic eating by expressing the inhibitory DREADD k opioid receptor (KORD) in SST-Cre mice and injecting salvinorin B (SalB) to inhibit the activity of TN SST neurons (Fig. 2F) (23) . Injecting SalB at 10 p.m., at the start of the peak of homeostatic eating, significantly reduced cumulative eating time and eating frequency, but not eating bout duration (Fig. 2 , G to I), which did not correlate with eating frequency in homeostatic eating ( fig. S5 ). SalB injection in GFP control animals did not produce a significant difference from vehicle-injected animals (Fig. 2 , G to I, black traces). Inhibition of TN SST neurons by SalB also significantly reduced food consumption in refeeding after overnight fasting (Fig. 2J) . Because injecting SalB at the peak of the animals' dark cycle may cause stress and interfere with homeostatic eating, we expressed Cre-dependent archaerhodopsin (ArchT) in the TN of SST-Cre mice and optogenetically inhibited these neurons by using light from 10 p.m. to 12 a.m., without disturbing the mice's activity (Fig. 2K) . Again, optogenetic inhibition of TN SST neurons significantly reduced cumulative eating time and eating frequency, but not eating bout duration (Fig. 2, L to N) . The same optogenetic protocol did not cause changes in eating behavior in GFP control mice (Fig. 2, L to N, black traces) . To test whether TN SST neurons have long-term effects on energy homeostasis, we injected AAVflex-taCasp3-TEVp to express caspase-3 and ablate TN SST neurons in SST-Cre mice (24) (fig. S9) . Ablation of TN SST neurons reduced body weight gain by 56% over 10 weeks (Fig. 2O) . We further studied the impact of ablating TN (I) Firing rate before and after ghrelin application (n = 17, paired t test, *P < 0.05).
TN SST-ablated mice did not show significant body weight differences from the control mice but gained body weight significantly more slowly ( fig. S10 ).
TN
SST ablation resulted in mild but significantly reduced daily and dark-cycle food intake, reduced prandial drinking, mildly reduced respiratory exchange ratio, similar total energy expenditure, and mild changes in activity ( fig. S10 ). Because both positive and negative valence mechanisms appear to play a role in controlling feeding (25-28), we explored the motivational valence of TN SST in mice. In the absence of food, chemogenetic activation of the TN SST neurons, paired with CNO injection, elicited a significant preference for the chamber (Fig. 2P) .
To explore the circuit mechanisms of feeding regulation by TN SST neurons, we examined the projection pattern of TN SST neurons by injecting AAV-FLEX-GFP into the TN of SST-Cre mice (Fig. 3A) . Similarly to AgRP neurons (29) , TN SST neurons projected to various brain regions, including the paraventricular nucleus (PVN), the bed nucleus of the stria terminalis (BNST), the central amygdala (CeA), and the periaqueductal gray (PAG), with sparse projection to the paraventricular nucleus of the thalamus (PVT) and the parabrachial nuclei (PBN) (Fig. 3A) . By injecting the retrograde tracers CTB488 and CTB647 into the BNST and PVN, respectively, in SST-Cre: Ai14 mice, we found that the majority (87. of PVN-projecting TN SST neurons projected to the BNST, and the majority (67.8%) of BNSTprojecting TN SST neurons projected to the PVN (Fig. 3B) . Using a similar method, we found that 36.1% of CeA-projecting TN SST neurons projected to the BNST, and 45.7% of BNST-projecting TN SST neurons projected to the CeA; 7.4% of BNSTprojecting TN SST neurons projected to the PAG, and 30.5% of PAG-projecting TN SST neurons projected to the BNST; and, lastly, 13.8% of CeAprojecting TN SST neurons projected to the PAG, and 29.6% of PAG-projecting TN SST neurons projected to the CeA (Fig. 3, C to E, and fig. S11 ). Therefore, in contrast to AgRP neurons, different subpopulations of which project to different brain regions in a one-to-one pattern (29) , the TN SST neurons showed a one-to-many projection pattern.
We then optogenetically stimulated TN effect on feeding (Fig. 3, F to I, and fig. S12 ). To better understand the neural transmission between TN SST neurons and their downstream neurons, we performed FISH for SST and Gad1 or Gad2, the two major enzymes for producing g-aminobutyric acid (GABA) (30) . We found that 91.4% of TN SST neurons expressed Gad1, and 87.8% expressed Gad2 (Fig. 4, A and B) . We further confirmed by immunohistochemistry that the majority of TN SST neurons produced GABA (Fig. 4C) . Moreover, no TN SST neurons were positive for VGlut2 (Fig. 4D) , the major glutamatergic neuron marker in the hypothalamus (25) . To directly examine the contribution of GABA signaling on the effect of activating TN SST neurons, we locally injected CNO with or without the GABA A receptor antagonist bicuculline into the PVN of SST-Cre mice that had been injected with AAV-DIO-hM3D in the TN. Local injection of CNO into the PVN stimulated feeding similarly to i.p. injection of CNO (1.43 ± 0.14 g versus 1.20 ± 0.11 g chow; P = 0.27), but coinjecting bicuculline into the PVN dramatically reduced this effect (1.20 ± 0.11 g versus 0.43 ± 0.05 g; P < 0.01) (Fig. 4E) . Therefore, TN SST neurons stimulated feeding through the inhibition of downstream neurons, a mechanism similar to that of AgRP neurons (31, 32) . Despite this similar effect in promoting feeding, ablating AgRP neurons leads to severe starvation (33), but we found that ablating TN SST neurons resulted in reduced body weight gain-an effect that is comparable to that of ablating lateral hypothalamic or zona incerta GABAergic neurons (28, 34)-suggesting a functional differentiation between AgRP and other hypothalamic orexigenic neurons.
Our results show that, as in humans (12) , the TN in mice is marked by SST-positive neurons. This fact provided us with genetic access to study the function of this previously enigmatic brain region. We found that TN SST neurons are required for maintaining normal body weight gain, and TN SST neurons project to various brain regions and promote feeding by inhibiting downstream neurons. Taken together, our results reveal an important role of the TN in energy homeostasis and point to a previously unknown circuit mechanism of feeding regulation that operates through orexigenic TN SST neurons (Fig. 4F) . These findings promise a better understanding of the appetite and body weight changes. (E) SST-Cre mice were injected bilaterally with AAV-DIO-hM3D-mCherry in the TN, and CNO was injected either i.p. or by infusion cannula implanted over the PVN with or without bicuculline (Bic). The same animal was subjected to all three different injections on different days, and the amount of food consumption 3 hours after drug injection was analyzed (n = 6, **P < 0.01, paired t test 
